| INTRODUCTION
Acephalic spermatozoa (Human Phenotype Ontology, HP:0012869) is a rare teratozoospermia associated with male infertility, and is characterized by headless spermatozoa and a few loose heads in the ejaculate. 1, 2 Because of the extremely low disease incidence, only a few studies on this disorder have been reported. [1] [2] [3] [4] [5] [6] [7] [8] Acephalic spermatozoa are divided into 2 subtypes. One type of acephalic spermatozoa show small "pin-head" ends devoid of any nuclear material and the other type are spermatozoa with misaligned headmidpiece junctions. 2, 5 Many studies on humans and other animals with acephalic spermatozoa suggested that this disease results from developmental defects in the implantation of centrioles to the nucleus or defects in the formation of the connecting piece of spermatozoa. 2, 6, 9, 10 Acephalic spermatozoa was considered to have a probable genetic origin, 1, 11 but no genetic alterations have been reported previously. Last year, the first related study reported that mutations in SUN5 can cause acephalic spermatozoa in 8 of 17 unrelated patients, 7 suggesting that SUN5 mutations were probably the main cause of acephalic spermatozoa and indicating that mutations in other genes might also be associated with this disease. This year another study on a consanguineous family involving whole-exome sequencing and RNA-sequencing showed that the homozygous p.
G928D mutation in BRDT might affect its transcription levels genes related to the biological processes of intracellular transport and RNA splicing, and ultimately cause acephalic spermatozoa. 8 Although both studies reported genetic causes of human acephalic spermatozoa, 7, 8 the molecular mechanism underlying this disease remains unclear.
TSGA10 (testis-specific, 10) is mainly expressed in the sperm tail and its encoded protein of 82-KDa can be cleaved into 2 proteins: the 27-KDa N-terminus localized to the principal piece, and a 55-KDa C-terminus accumulated in the midpiece of sperm, to the centrosome and basal body. [12] [13] [14] [15] The 55-KDa C-terminus of TSGA10 can interact with the ODF2 protein, which is a centrosome scaffold component associated with mother centrioles, 14 indicating that the TSGA10 C-terminus is involved in centriole assembly and function, especially in the head-tail connection. A previous study reported that TSGA10 mRNA (messenger RNA)
could not be detected in an infertile patient and in an azoospermia patient, suggesting an association of TSGA10 with human infertility. 15 Here, we report a male patient from a consanguineous family producing headless sperm due to the presence of a truncating muta- 
| Immunostaining of spermatozoa
Immunostaining was performed as previously described. 17 The information of TSGA10 antibody was listed in Table S2 , Supplementary information.
| Western blot analysis
Western blot analysis was carried out as described previously. 18 The specific antibodies used for western blot analysis are listed in Table S2 , Supplementary information.
| Intracytoplasmic sperm injection and embryo culture
Intracytoplasmic sperm injection was carried out as described previously. 19 Embryo culture was performed using Vitrolife G-SERIES Pedigree analysis showed an autosomal recessive mode of inheritance associated with acephalic spermatozoa ( Figure 1A ). Thus, we focused on the homozygous mutations identified in this patient by whole-exome sequencing. Considering the extremely rare property of acephalic spermatozoa, we filtered out the polymorphisms with an allele frequency greater than 1% in the dbSNP, 1000 Genomes, ESP6500siv2, ExAC, and gnomAD databases, and the list of genes harboring homozygous mutations was analyzed (Table S1 , Supplementary information). No SUN5 or BRDT gene variants were found in the gene list. Among these genes, only TSGA10 exhibited testis-specific expression; therefore, we hypothesized that the homozygous mutation in TSGA10 was associated with acephalic spermatozoa. Using
Sanger sequencing, the homozygous truncating mutation in TSGA10
(NM_182911:exon7:c.211delG:p.A71Hfs*12) was confirmed in the patient ( Figure 1E ). The patient's mother carried a heterozygous mutation in TSGA10 ( Figure 1E ) and his unaffected younger brother harbored the wild-type allele ( Figure 1E ). Because the patient's father died of illness, we were not able to analyze the genotype of his father, but we reasoned that his father was a heterozygous mutation carrier.
| In silico analysis of the truncating mutation
In silico analysis predicted that the TSGA10 c.211delG mutation is most probably a disease-causing mutation using the Mutation Taster online tool (Table 1 ). This c.211delG truncating mutation is a novel variant absent from the ExAC, 1000 Genomes and gnomAD databases (Table 1) , which is consistent with the extreme rarity of acephalic spermatozoa. The homozygous mutation c.211delG, p. A71Hfs*12, causes a coding sequence frameshift and amino acid (aa) change at site A71, and introduces a stop codon after the 11 aa frameshift sequence ( Figure 1F ). The frameshift and stop codon sites were located in the N-terminal of the TSGA10 protein, resulting in a truncated protein missing most of the phosphodiesterase domain of the N-terminus and the entire C-terminus ( Figure 1F ).
| TSGA10 protein expression analysis in the patient
To further confirm the TSGA10 mutation effect, immunostaining and western blot assays were used to detect TSGA10 protein in the patient. First, by checking the online database, we found that TSGA10 is mainly expressed in the testis. By immunostaining the spermatozoa from a normal control, TSGA10 was found to localize to the centriole and midpiece ( Figure 2B ). However, no staining was observed in the patient's sperm ( Figure 2C) . Western blot analysis also demonstrated that TSGA10 was expressed in the control but was absent from the patient's sperm ( Figure 2D ). Therefore, the truncated TSGA10 protein present in the patient (predicted about 7 KDa) was either hardly detected or had undergone nonsensemediated decay. 
| Midpiece was impaired in the patient's spermatozoa
Although electron microscopy suggested that the mitochondrial sheath was impaired in acephalic spermatozoa, further molecular marker testing was needed to validate this observation. By immunostaining for COXIV protein, which is the terminal enzyme of the mitochondrial respiratory chain, 21 we found that the staining was intact in control spermatozoa ( Figure 3A) ; however, in the patient, both the decapitated sperm head and tail were separately associated with a partial mitochondrial sheath ( Figure 3B ), indicating that the breakage occurred in the midpiece of the sperm. Therefore, the phenotype of acephalic spermatozoa caused by TSGA10 mutation was different from that caused by SUN5 mutations, in which the midpiece region was intact. Midpiece, centrioles and outer dense fibers (ODFs) are important structures for sperm head-neck connection. An ultrastructural study of many cases of acephalic spermatozoa found that some of the cases had midpiece structure defects, and that headless sperm are also derived from abnormal implantation of centrioles to the nucleus. 2, 3, 5, 6 The C-terminus of TSGA10 was reported to locate to the midpiece of mature spermatozoa and to associate with the centrosome and basal body by interacting with ODF2 protein. 13, 14 The basal body serves as a nucleation site for the developing axoneme.
Therefore, loss of the entire C-terminus might abolish TSGA10 protein function, affect the midpiece structure, and alter the physical contact of centrioles with the nucleus, ultimately resulting in acephalic spermatozoa.
Previous studies on humans and other animals have suggested different underlying mechanisms for acephalic spermatozoa. 2, 4, 5 The SUN5 mutations found in human acephalic spermatozoa might disrupt the formation of the implantation fossa and the basal plate, resulting in impaired cementing of the head-flagellar junction. 7 The p.G928D mutation of BRDT might affect the transcriptional expression profile of intracellular transport and RNA splicing genes, 8 causing acephalic spermatozoa possibly by disturbing vesicle production by the Golgi complex in the region between the centrioles and nucleus, and influencing the formation of head-neck attachment. 4 Based on our report, we speculate that the truncated TSGA10 protein might cause impaired function of the midpiece, which was also supported by the fact that the mitochondrial sheath was impaired in the patient's sperm ( Figure 1E and Figure 3B ).
Studies have shown that sperm can be acephalic between the nucleus and centriole, or between the proximal and distal centrioles. 5, 6 Proximal centriole/centrosome dysfunction also leads to irregular cleavage during embryo development or chromosomal aberration resulting in delayed or stagnated embryonic development. 22 In this report, the embryo did not develop very well after microinjection with abnormally aligned spermatozoa by ICSI ( Figure 3C ). Pregnancy was not achieved after embryo transfer, possibly due to poor embryo quality. This might be due to functional failure of the sperm-derived centrosome, the organelle that acts as the microtubule organizing center of the zygote, 2 which was also previously reported by other studies. 11, 22 Taken together, our study demonstrated for the first time that sequence variants of TSGA10 may be associated with acephalic spermatozoa. This work provides researchers and clinicians with a new insight into understanding the pathology and molecular mechanisms of acephalic spermatozoa.
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